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A B S T R A C T
We sequenced the D21S11 locus in 77 individuals from Danish paternity cases using 454 FLX next
generation sequencing (NGS) technology. All samples were also typed with the AmpFlSTR1 Proﬁler
Plus1 or the AmpFlSTR1 Identiﬁler1 PCR Ampliﬁcation kits as part of paternity investigations. In 18 of
the conﬁrmed trios, a genetic inconsistency was observed between one of the parents and the child at the
D21S11 locus. NGS of the D21S11 locus revealed which allele had mutated from which parent to the
child in 13 of these trios. All characterized mutations could be explained by single-step mutations in the
longest sub-repeat of D21S11. A total of 53 of the 77 sequenced samples originated from unrelated
individuals. Twenty different D21S11 alleles were detected by NGS in these individuals whereas only 13
different alleles were observed with fragment analysis. Several alleles had the same lengths but different
sequences, e.g. four and three different alleles were detected by NGS with lengths determined by CE
corresponding to allele 30 and allele 31, respectively.
 2013 Elsevier Ireland Ltd. All rights reserved.
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Fragment analysis of STR loci by PCR and capillary electropho-
resis (CE) is presently the preferred tool for STR proﬁling in forensic
genetics. However, it was recently shown that next generation
sequencing (NGS) technologies are well suited for STR sequencing
and may be the ﬁrst real alternative to large scale CE-based STR
typing [1–4]. Two different NGS methods were investigated, 454
FLX pyrosequencing (Roche Diagnostics) and reversible termina-
tor-based sequencing (Illumina). Both technologies were superior
in revealing sequence variation compared to standard fragment
analysis on CE platforms. The 454 FLX pyrosequencing allows
sequencing of longer fragments (5–600 bp), than Illumina’s
reversible terminator-based sequencing (150 bp) [2,5]. However,
the error rate, especially at homopolymer stretches, is considerably
higher with the 454 FLX pyrosequencing than with the Illumina
method [5]. Electrospray ionization mass spectrometry (ESI-MS)
has also been used successfully to distinguish between STR alleles* Corresponding author at: Section of Forensic Genetics, Department of Forensic
Medicine, Faculty of Health and Medical Sciences, University of Copenhagen,
Frederik V’s Vej 11, DK-2100 Copenhagen, Denmark. Tel.: +45 35 32 61 10;
fax: +45 35 32 61 20.
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http://dx.doi.org/10.1016/j.fsigen.2013.06.011with equal lengths [6,7]. However, with ESI-MS, it is only possible
to determine the basepair composition and not the sequence. Thus,
alleles with the same length and the same base pair composition,
but with different sequences, cannot be distinguished from each
other. Mutations in Y STR loci have been investigated by Sanger
sequencing in a number of studies [8–11]. However, there are only
a few publications on characterization of mutations in autosomal
STR loci [12–14] most likely because it required sequencing of
isolated clones prior to the development of emulsion PCR and
clonal sequencing. Complex STR loci, such as D21S11, D2S1338 and
D3S1358, consist of interrupted repeat sequences. Variations in
repeat numbers may be observed in more than one sub-repeat unit
within the loci, which makes these STR systems good candidates
for sequence variation studies. The average mutational rates of the
core STR loci are estimated to be between 0.01% and 0.64% (http://
www.cstl.nist.gov/strbase/mutation.htm). However, the exact
mutation rate of a locus seems to be associated with the base
composition of the repeats and the length of the allele [15,16].
Furthermore, paternal mutations are more frequent than maternal
ones [17–19], and single step mutations (involving the loss or gain
of a single repeat unit) are more common than multi step
mutations [15,16]. It is generally accepted, that mutations in STR
loci are mainly caused by DNA polymerase slippage, where one or
more repeat units are gained or lost [20]. However, other
mechanisms including unequal crossing-over and gene conver-
sions may also cause mutations [19].
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and short interconnecting sequences. The known allele range is
from 12 to 41.2 repeats. Variants with equal lengths but different
sub-repeat compositions have been reported (http://
www.cstl.nist.gov/strbase/str_D21S11.htm [1,3]).
The aims of this study were to study (1) the sequence variation
and allele frequencies of D21S11 alleles in unrelated Danes and (2)
the mutations in D21S11 by sequencing parent–child pairs with
genetic inconsistencies in conﬁrmed trios in Danish paternity
cases.
2. Materials and methods
2.1. Samples
The work was approved by the Danish ethical committee (H-1-
2011-081). The samples originated from 77 individuals in 29
Danish paternity cases. A total of 22 of these cases were conﬁrmed
trios, 1 case was a mother–child duo, and 1 case was a father–child
duo. In the last ﬁve cases, samples from seven unrelated persons
were selected. Of the 77 sequenced samples, 53 originated from
unrelated individuals. The samples were collected as either buccal
swabs or anticoagulated blood. The individuals were typed with
either the AmpFlSTR1 Proﬁler Plus1 kit or the AmpFlSTR1
Identiﬁler1 PCR Ampliﬁcation kit (Applied Biosystems/Life Tech-
nologies, Foster City, CA, USA) during the initial casework
investigation. Supplementary investigations of either 5–7 VNTR
loci [21] or 49 SNPs [22] were performed in cases with one genetic
inconsistency in D21S11. No additional inconsistencies were
observed and the combined PI was higher than 10,000 in all
cases. In three trios, a three-allelic pattern was observed in either
the child (two cases) or the mother (one case). Additionally, one
sample from a male with three alleles in D21S11 was included.
2.2. Extraction and PCR ampliﬁcation
DNA was isolated manually with the QIAmp1 DNA Blood Mini
Kit (Qiagen, Hilden, Germany) or automatically by using a EZ1
Advanced XL BioRobot (Qiagen) as recommended by the manu-
facturer. A total of 30 fusion primers with multiplex identifers
(MIDs) were designed according to the protocol ‘‘454 Sequencing
System Guidelines for Amplicon Experimental Design’’ (Roche
Diagnostics, Basel, Switzerland, July 2011) and Kline et al. [23]. The
sequences of all fusion primers are presented in Supplementary
Table S1. The samples were ampliﬁed as previously described [1].
PCR products were evaluated with the Flashgel System (Lonza,
Rockland, ME, USA). Excess primers and nucleotides were removed
using the Agencourt AMPure XP PCR Puriﬁcation system (Beckman
Coulter, Brea, CA, USA) following the guidelines of the manufac-
turer.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fsigen.2013.06.011.
2.3. Sample quantiﬁcation
The samples were quantiﬁed using the QuantiFlourTM dsDNA
System Kit (Promega, Fitchburg, WI, USA). Standard curves were
created using the Lambda DNA Standard supplied with the kit.
Sample concentrations were calculated following the guidelines of
the manufacturer.
2.4. FLX pyrosequencing
The samples were sequenced using the GS Junior System (Roche
Diagnostics). Three sequencing runs were carried out. The output
data was sorted as previously described [1]. An algorithm sortedthe sequencing data according to MID-tags, primer sequences and
STR-ends, and created an output ﬁle containing sequences for each
sample. Incomplete STR sequences were removed. Sequences were
aligned toward the D21S11 reference sequence with 29 repeats
(GenBank AP000433) using the alignment software BioEdit (URL:
http://www.mbio.ncsu.edu/bioedit/bioedit.html).
2.5. Capillary electrophoresis
All samples were typed with the AmpF‘STR1 Identiﬁler1Direct
PCR Ampliﬁcation Kit according to ISO 17025 accredited protocols
as previously described [24,25].
3. Results
3.1. Sequencing data
Three sequencing runs resulted in a total of 192,011 reads. Only
sequences containing primer sequences and the entire STR repeat
sequence of D21S11 were analyzed further [1]. An average of 147
reads per sample (range: 26–220 reads) was obtained. Sequences
of each allele were grouped according to repeat region lengths and
aligned to a reference sequence of D21S11 with 29 repeats
(GenBank AP000433). Allele calls were computed and compared to
those determined by the AmpF‘STR1 Identiﬁler1 Direct kit (see
Supplementary Table S2, for allele calls and numbers of sequence
reads.) There was complete concordance between the allele calls
determined by 454 FLX pyrosequencing and CE. The ratios between
the allele represented with the fewest reads and the allele
represented with the most reads in a sample varied from 0.26 to 1,
with an average of 0.71 (Supplementary Table S3). Generally, fewer
reads were observed for longer STR alleles. The longest allele had
36 repeats. The total number of reads for this sample was 37
(including stutter reads). The ratio between the numbers of reads
representing the two alleles (33.2 and 36) was 0.62. Even though
longer sequences were somewhat underrepresented in the
sequencing results, there were sufﬁcient reads to unambiguously
determine each allele. PCR artifacts including stutters (artifacts one
repeat unit shorter or longer than the parent allele) were also
observed in the sequencing data. Stutters made up approximately
15% of the sequence reads (data not shown), which is comparable
with earlier results [1,3]. Ampliﬁcation errors were mainly due to
substitutions, deletions and insertions of single nucleotides and
appeared, on average, in 26% of the sequences (data not shown).
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fsigen.2013.06.011.
3.2. Characterization of mutations
A total of 54 of the successfully sequenced samples came from
individuals in 18 conﬁrmed trios, where CE had demonstrated a
genetic inconsistency at D21S11 between a parent and the child.
The CE results suggested that a paternal or maternal single-step
mutation could have occurred in nine and three cases, respectively.
In the remaining six cases, either of the parents could have passed
on a single-step mutation to the child. Under the assumption that
only one mutation occurred at the D21S11 locus during meiosis,
the sequencing results showed which parental allele most likely
mutated in 13 of the 18 trios (Supplementary Table S4). In all
families, the mutation most likely occurred in the longest sub-
repeat section of the STR system. The number of uninterrupted
repeat units in the alleles, where the mutations were assumed to
have arisen, ranged from 10 and 14. The mutations could be
characterized as either insertions (14 cases) or deletions (3 cases)
of single repeat units. However, multi-step mutations could have
happened in trio 7 and 14 (S4). One insertion of three and two
Table 1
Trio 19 and 20 with three-allelic pattern in the child.
Trio Sequence allele 1 Sequence allele 2 Sequence allele 3 NGS phenotype
Trio 19 Child [TCTA]4[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]10
[TCTA]4[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]12
[TCTA]5[TCTG]6[TCTA]3TA[TCTA]3TCA-
[TCTA]2TCCATA[TCTA]14TATCTA
28/30/32.2
Mother [TCTA]4[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]12
[TCTA]5[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]14TATCTA
30/32.2
Father [TCTA]5[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]11
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]-
3 TCA [TCTA]2 TCCATA [TCTA]11
28/30
Trio 20 Child [TCTA]4[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]10
[TCTA]6[TCTG]5[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]10
[TCTA]5[TCTG]6[TCTA]3TA[TCTA]3TCA-
[TCTA]2TCCATA[TCTA]15TATCTA
28/29/33.2
Mother [TCTA]4[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]10
[TCTA]5[TCTG]6[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]15TATCTA
28/33.2
Father [TCTA]6[TCTG]5[TCTA]3TA[TCTA]-
3TCA[TCTA]2TCCATA[TCTA]10
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]-
3 TCA [TCTA]2 TCCATA [TCTA]11
29/30
E. Rockenbauer et al. / Forensic Science International: Genetics 8 (2014) 68–7270repeats, respectively, may explain the inconsistencies (S4). In one
family (trio 12), it was not possible to tell if the mutation was a
deletion or an insertion, because of the similar sub-repeat pattern
of the parent alleles.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fsigen.2013.06.011.
3.3. Samples with three alleles
Four of the 77 sequenced samples had three-allelic patterns at
D21S11. In three of the samples, the peek heights were of equal
sizes, suggesting partial trisomy of the chromosomal area at the
D21S11 locus (Supplementary Table S2). In the fourth sample, the
sample of the mother from trio 21, allele 28 had a peek height equal
to the sum of the peek heights of the other two alleles, alleles 30
and 33.2. The latter can be due to a somatic mutation in the D21S11
locus. With 454 FLX pyrosequencing, the three alleles were
conﬁrmed in all four samples. In trios 19 and 20, three-allelic
patterns were observed in the children. Sequencing showed that
two of the children’s three alleles were in both cases identical to
those of the mothers, which strongly suggests that both mothers
passed on two alleles to the children (Table 1).
3.4. Sequence variations in unrelated individuals
The D21S11 locus was sequenced in 53 unrelated individuals
(Table 2). A total of 20 different D21S11 alleles were identiﬁed byTable 2
DNA sequences of D21S11 alleles and allele calls of the sequenced samples.
No. of alleles
all/European
Allele sequence 
1/0b [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
14 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
17 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
7/5 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
17 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
9/7 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
4/2 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
3 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
2 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
2 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
6 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
6/3 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
9/8 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]
1/0b [TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA
a Allele frequencies of all samples were compared with allele frequencies of sample
b Allele only observed in individuals with African origin.454 FLX pyrosequencing, whereas only 13 different alleles were
observed with capillary electrophoresis. Interestingly, sequencing
data revealed that four of the individuals were heterozygous and
not homozygous at the D21S11 locus. These individuals had two
different alleles with the same lengths but with different sub-
repeat composition (Fig. 1).
The sequence of D21S11 can be written as [TCTA]a[TCTG]b[TC-
TA]cTA[TCTA]dTCA[TCTA]eTCCATA[TCTA]f, where the superscripts
refer to variation in repeat number. In the sequenced samples, we
did not see any variation in the interconnecting sequences or in
sub-repeats c, d and e. The variations in sub-repeats a, b and f are
shown in Table 3. The sequences of three of the 104 alleles are not
in STRBase (http://www.cstl.nist.gov/div831/strbase/). Sequence
variations were observed in many alleles of the same lengths
(Table 2). Four different alleles with 30 repeats and three different
alleles with 31 repeats were observed. Also, two different sub-
repeat composition of allele 29 and 30.2 were observed. This
suggests a large variation in sub-repeat patterns in the Danish
population.
4. Discussion
All the characterized mutations in this study could be explained
by single-step mutations. However, in two cases, multi-step
mutations may have taken place. Although multi-step mutations
are considered to be rare, they cannot be disregarded [9,26,27]. The
preferred direction of the STR mutations (insertion versusAllele
call
Total
frequency
European
frequency
In-house database
frequencya
9 27 0.010 0.000 0.032
10 28 0.135 0.152 0.190
11 29 0.163 0.185 0.204
10 29 0.067 0.054
7 TCA [TCTA]3 29.3 0.010 0.011 –
11 30 0.163 0.185 0.237
12 30 0.087 0.076
11 30 0.038 0.022
10 30 0.010 0.011
10 TA TCTA 30.2 0.029 0.033 0.034
11TA TCTA 30.2 0.019 0.022
12 31 0.019 0.022 0.098
12 31 0.010 0.011
12 31 0.010 0.011
11 TA TCTA 31.2 0.058 0.065 0.079
13 32 0.010 0.011 0.014
12 TA TCTA 32.2 0.058 0.033 0.024
13 TA TCTA 33.2 0.087 0.087 0.024
14 TA TCTA 34.2 0.010 0.011 0.001
]12 36 0.010 0.000 –
s from Europeans and with allele frequencies of the in-house database.
Fig. 1. DNA sequences and CE results in four unrelated individuals reported as homozygous by CE, but with different sequence composition as shown with NGS.
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theory that insertions are favored over deletions in alleles with low
numbers of uninterrupted repeat units. In this work, the mutations
happened in alleles with 10–14 uninterrupted repeats (S4). Our
results also support the view that mutations often occur in theTable 3
Sub-repeat patterns of unrelated individuals.
No. [TCTA]a No. of alleles all/Europeans No. [TCTG]b No. o
4 41/39 5 32/28
5 34/27 6 71/63
6 27/25 7 1/1 
7 1/1 
11a 1/0 
a Sub-repeat only observed in individuals with African origin.longest uninterrupted repeat section [9] and that paternal
mutations are more frequent compared to maternal ones.
The allele frequencies of the sequenced D21S11 loci in this
study corresponded well with our in-house allele frequencies (see
Table 2). Six of the 53 samples originated from unrelatedf alleles all/Europeans No. [TCTA]f No. of alleles all/Europeans
 9a 1/0
 10 26/24
11 46/44
12 20/14
13 10/9
14 1/1
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from individuals of African origin had a different sub-repeat
composition compared to those of the rest of the sequenced alleles
(see Tables 2 and 3). This may indicate a difference in the sub-
repeat patterns between Europeans and Africans. This observation
will be explored further in our laboratory since more sequence
data is needed to draw any conclusion.
The most interesting observation in this study was the
identiﬁcation of different sub-repeat compositions of several
D21S11 alleles of identical lengths. This made it possible to identify
the parental alleles that had mutated, and it made it possible to
distinguish between individuals with alleles of the same lengths.
This is best illustrated by the four apparently homozygous
individuals that turned out to be heterozygous for allele 29 and
30 (Fig. 1). These results demonstrated the power of NGS in
forensic genetic testing. Characterization of a mutation event in an
autosomal STR may be essential in a relationship case. More
identiﬁable alleles mean more statistical power of the STR
investigation and essentially reduce the necessary number of loci
that needs to be typed to solve a case to a certain level. It may also
be easier to resolve DNA mixtures in crime case investigations,
when alleles that appear identical in CE-analyses may be further
characterized by NGS.
About half of the STRs selected for the European Standard Set
and the CODIS set are simple STR repeats with only one repeat unit
and little sequence variation except for the variation in number of
repeats. Therefore, the full power of NGS can only be exploited by
also including new complex STRs. NGS provides a possibility for
constructing an all-in-one multiplex with relevant forensic
markers that include, e.g. STRs, SNPs, indels and mtDNA markers.
The use of NGS in forensic genetics will be an important research
area in the near future and could offer the ﬁrst real alternative to
PCR-CE analysis.
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